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Abstract The use of minicircles in gene therapy applications
is dependent on the availability of high-producer cell systems.
In order to improve the performance of minicircle production
in Escherichia coli by ParA resolvase-mediated in vivo re-
combination, we focus on the 5′ untranslated region (5′-
UTR) of parA messenger RNA (mRNA). The arabinose-
inducible PBAD/araC promoter controls ParA expression and
strains with improved arabinose uptake are used. The 27-
nucleotide-long 5′-UTR of parA mRNAwas optimized using
a predictive thermodynamic model. An analysis of original
and optimized mRNA subsequences predicted a decrease of
8.6–14.9 kcal/mol in the change in Gibbs free energy upon
assembly of the 30S ribosome complex with the mRNA sub-
sequences, indicating a more stable mRNA-rRNA complex
and enabling a higher (48–817-fold) translation initiation rate.
No effect of the 5′-UTR was detected when ParA was
expressed from a low-copy number plasmid (∼14 copies/cell),
with full recombination obtained within 2 h. However, when
the parA gene was inserted in the bacterial chromosome, a
faster and more effective recombination was obtained with
the optimized 5′-UTR. Interestingly, the amount of this tran-
script was 2.6–3-fold higher when compared with the tran-
script generated from the original sequence, highlighting that
5′-UTR affects the level of the transcript. AWestern blot anal-
ysis confirmed that E. coli synthesized higher amounts of
ParA with the new 5′-UTR (∼1.8 ± 0.7-fold). Overall, these
results show that the improvements made in the 5′-UTR can
lead to a more efficient translation and hence to faster and
more efficient minicircle generation.
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Introduction
The low efficacy of plasmids as gene transfer vectors in gene
therapy and DNAvaccination applications has been attributed
to several reasons, including (i) low cell and nucleus uptake
(Kreiss et al. 1999; Dean et al. 2005), (ii) degradation by
endogenous nucleases during cytoplasm trafficking
(Lechardeur et al. 1999; Azzoni et al. 2007), and (iii) silencing
of transgene expression (Faurez et al. 2010; Lu et al. 2012). As
a result, plasmid-mediated transgene expression is usually
short-lived and gene delivery falls short of its goal.
Furthermore, and although plasmids have a very good safety
record in the clinic, concerns regarding the induction of un-
wanted immunogenic reactions (Zhao et al. 2004) and inte-
gration into the host genomic DNA (Wang et al. 2004) are
recurrent. These events have been linked in part to the pres-
ence in the plasmid vector backbone of DNA sequences such
as promoters, un-methylated cytosine-phosphate-guanine
(CpG) motifs, or selection markers, which are mostly of bac-
terial origin. For example, bacterial DNA sequences have
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been shown to play a role in the silencing of plasmid-mediated
transgene expression (Chen et al. 2004; Chen et al. 2008).
Additionally, CpG motifs of bacterial origin found in most
plasmid vectors are known to drive inflammatory responses.
While this property can be advantageously explored when the
generation of an adaptive response to a given antigen is being
sought (e.g., in the case of DNA vaccines, Chen et al. 2011),
such inflammatory responses may be strong enough to cause
severe adverse effects (Zhao et al. 2004). Thus, the removal of
CpG motifs from a plasmid vector can substantially improve
both safety and the duration of the expression of the encoded
therapeutic function (Yew et al. 2002). Additionally, the anti-
biotic selection marker used to select plasmids during produc-
tion may in some cases increase the risk of spread of antibiotic
resistance traits to environmental microbes (EMA 2001;
USFDA 2007; Salyers et al. 2004). Finally, cryptic eukaryotic
transcription signals naturally occurring in plasmid backbones
may give rise to deviant transcripts and unanticipated RNA
processing that alter gene activity (Bert et al. 2000; Lemp et al.
2012). Although essential for selection and replication in mi-
crobial host cells (e.g., Escherichia coli) during manufactur-
ing, most of the sequences described above are superfluous in
terms of the eukaryotic gene expression that is at the heart of
gene therapy and DNA vaccination applications.
Minicircles are plasmid-derived, covalently closed double-
stranded DNA molecules that do not contain the bacterial
elements required for selection and amplification. Since they
comprise exclusively the eukaryotic expression cassette,
minicircles exhibit increased transfection efficiency and trans-
gene expression when compared to their parental plasmids on
an equimolar basis (Darquet et al. 1997; Darquet et al. 1999;
Kreiss et al. 1998; Mayrhofer et al. 2008; Mayrhofer et al.
2009). The typical minicircle production scheme encompasses
an in vivo induced recombination event between two direct
repeats within a parental plasmid. This event originates two
supercoiled plasmid DNA molecules: (i) a minicircle that
carries the eukaryotic expression cassette and (ii) a replicative
miniplasmid that contains the bacterial elements required for
amplification. Various recombinases acting under the regula-
tion of inducible promoters have been used to catalyze the
excision and ligation of the minicircle sequences from paren-
tal plasmids. For example, the phage λ integrase (Darquet
et al. 1997; Darquet et al. 1999; Kreiss et al. 1998) is induced
by a thermal shift to 42 °C from the cI857 promoter, whereas
Cre recombinase (Bigger et al. 2001), ϕC31 integrase (Chen
et al. 2003; Chen et al. 2005; Kay et al. 2010), and ParA
resolvase (Jechlinger et al. 2004; Mayrhofer et al. 2005;
Kobelt et al. 2013) are all regulated from a PBAD/araC expres-
sion system. The first attempts to produce minicircles relied
on a single copy of a recombinase gene placed on the chro-
mosome of the host and yielded relatively low recombination
efficiencies (<60 %) (Darquet et al. 1997; Darquet et al. 1999;
Kreiss et al. 1998; Bigger et al. 2001). Later, a number of
researchers showed that complete recombination could be
achieved if each parental plasmid encoded its own
recombinase (Chen et al. 2003; Jechlinger et al. 2004; Chen
et al. 2005; Mayrhofer et al. 2005). Complete recombination
of parental plasmid from the chromosome is also feasible if
expression is driven by more than one gene copy, as demon-
strated by the use of ten copies of the ϕC31 integrase in the
E. coli strain ZYCY10P3S2T (Kay et al. 2010).
The application of minicircles in the fields of DNA vacci-
nation and gene therapy is currently hampered by the lack of
technologies capable of producing the gram-kilogram
amounts of minicircles required for pre-clinical and clinical
trials. For example, the best volumetric productivities of
minicircles obtained during the cell culture step reported in
the literature are still only of the order of 0.5–9.0 mg/L
(Kreiss et al. 1998; Chen et al. 2005; Mayrhofer et al. 2008;
Kay et al. 2010; Gaspar et al. 2014). This offers a striking
contrast with the developments observed in plasmid
manufacturing, which have pushed fermentation productiv-
ities up to 2.2–2.6 g/L (Carnes et al. 2011; Gonçalves et al.
2014). The low performance of the fermentation processes
used to produce minicircle could be ascribed to (i) low expres-
sion of recombinases (Bigger et al. 2001; Jechlinger et al.
2004), (ii) low recombinase activity in cells reaching station-
ary phase (Kay et al. 2010), and (iii) susceptibility of
recombinases to changes in pH, temperature, and metabolite
accumulation (Chen et al. 2005; Simcikova et al. 2014).
One aspect that has not been examined in the context of
minicircle production is the role of messenger RNA (mRNA)
secondary structure on the expression of the recombinase.
This could be an important bottleneck since a number of au-
thors have gathered evidence that points to the fact that gene
expression in E. coli is inversely related to the stability of the
secondary structure of their ribosome binding sites (RBS)
(e.g., de Smit and van Duin 1990; Pfleger et al. 2005; Cèbe
andGeiser 2006; Salis et al. 2009). Themain goal of this study
was to improve the performance of minicircle production by
ParA resolvase-mediated in vivo recombination by focusing
attention on the RBS and surrounding sequence of the mRNA
of ParA (Smith and Schleif 1978).We reasoned that by chang-
ing the nucleotide sequence of this 5′ untranslated region (5′-
UTR), potential hairpins that might be causing ribosomes to
stall could be destabilized, thus increasing translation of
mRNA and ParA levels and ultimately improving recombina-
tion of parental plasmids into minicircles. In our model sys-
tem, the ParA resolvase was placed under the control of the
arabinose-inducible PBAD/araC promoter (Smith and Schleif
1978) and strains derived from BW27783, which was de-
signed for improved uptake of arabinose (Khlebnikov et al.
2001), were used for parental plasmid production and recom-
bination. Figure 1a shows the nucleotide sequence of the orig-
inal araBAD regulatory region. The Pribnow (or −10 region)
sequence TCTACT precedes the transcription start site of the
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araBAD mRNA by 10 nucleotides. A 27-nucleotide-long
E. coli 5′-UTR is then found that includes the Shine-
Dalgarno (SD) sequence GGAG before the ATG start
codon. The parA gene also contains an alternative
TTG start codon at position 37. Both sites are used,
generating ParA polypeptides with 24.2 and 22.7 kDa
(Eberl et al. 1994).
Optimization of the 5′-UTR that precedes the first transla-
tional start site was performed on the basis of the equilibrium
statistical thermodynamic model developed by Salis and co-
workers (Salis et al. 2009). The model describes and quan-
tifies the interaction between an mRNA transcript and the 30S
ribosome complex, which includes the 16S ribosomal RNA
(rRNA) and the transfer RNAfMet (tRNAfMet), by calculating
parA mRNA 77 nt par2A mRNA 77 nt
a
b
c
Fig. 1 aNucleotide sequence of the PBAD regulatory region showing the
original (parA) and optimized (par2A) sequences. The start of the
messenger RNA is designated position +1. Also shown are the
characteristic Pribnow (or −10 region) sequence (dashed box) that
precedes the parA mRNA, the RBS consensus (AGGAGG) sequence
(solid box), and the ATG and TTG start codons (in bold). The
optimized 5′-UTR was generated by the RBS calculator v2.0 (https://
salislab.net/software/). The algorithm predicted an increase in the
translation initiation rate (TIR) of 817-fold based on a 77-nucleotide-
long mRNA subsequence including a 27-nucleotide 5′-UTR sequence.
b Stability analysis of the translation initiation complex formed between
mRNA subsequences containing the 5′-UTR plus 20, 30, 40, or 50
nucleotides and the 16S rRNA. Changes in Gibbs free energy were
calculated according to Salis et al. 2009 and Borujeni et al. 2013 (Eq.
1). The values for ΔGspacing, ΔGstart, and ΔGstandby were similar for the
original and optimized 5′-UTRs, whereas ΔGmRNA depends on the size of
the mRNA. TIR translational initiation rate, AU arbitrary units, nt
nucleotides. c Predicted structures of the original and optimized parA
transcripts encompassing the 5′-UTR (27 nt) and the first 50 nt.
Rectangular boxes correspond to the AUG or UUG start codons
(dashed) and to the Shine-Dalgarno sequence (solid line)
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the change in Gibbs free energy upon assembly, ΔGtotal, using
an equation that accounts for five molecular interactions (Salis
et al. 2009; Borujeni et al. 2013):
ΔGtotal ¼ ΔGmRNA−rRNA−ΔGmRNA þΔGspacing
þΔGstart þΔGstandby ð1Þ
In this equation, ΔGmRNA:rRNA accounts for hybridization
and co-folding of the mRNA subsequence and 16S rRNA,
ΔGmRNA for the unfolding of the mRNA subsequence from
its most stable secondary structure and ΔGstart for the hybrid-
ization of the start codon with the initiating tRNA anticodon
loop. ΔGstandby and ΔGstandby are free energy penalties asso-
ciated with the binding of the ribosome to the mRNA subse-
quence and with the non-optimal distancing between the 16S
rRNA binding site and the start codon, respectively (Salis
et al. 2009; Borujeni et al. 2013). These free energies and
the secondary structures at the 5′-UTR of the encoding
mRNAs were further analyzed using a web interface of the
model, the RBS online calculator (https://salislab.net/
software/). Production systems were then set up where the
parA gene with the original or the optimized 5′-UTR
(Fig. 1a) was inserted either in a low-copy number helper
plasmid or in the chromosome of the host strain. The ability
of the aforementioned systems to produce ParA resolvase was
then compared by analyzing the amount of parA mRNA and
ParA protein produced. Recombination efficiency studies
were performed using a parental plasmid backbone (pMINI)
that was constructed to generate green fluorescence protein
(GFP)-expressing minicircles.
Material and methods
All primers used were purchased from Sigma-Aldrich
(Boston, MA), with the exception of primers used for quanti-
tative PCR (qPCR) and quantitative reverse transcriptase PCR
(qRT-PCR) (STABvida, Portugal). The Phusion® High-
Fidelity DNA Polymerase (New England Biolabs) was used
to synthesize PCR fragments required for cloning. Colony
PCR detection was performed with the HotStarTaq Master
Mix Kit (Qiagen). Restriction enzymes were purchased from
Promega. The anti-ParA antiserum was a kind from Prof.
Helmut Schwab from Graz University of Technology.
Construction of BWAA, BW1P, and BW2P strains
The E. coli strain BW27783 [F-, Δ(araD-araB)567,
ΔlacZ4787(::rrnB-3), λ−, Δ(araH-araF)570(::FRT),
ΔaraEp-532::FRT, φPcp8araE535, rph-1, Δ(rhaD-
rhaB)568, hsdR514], originally designed for improved
arabinose uptake (Khlebnikov et al. 2001) was purchased
from the Coli Genetic Stock Center (CGSC) at Yale (USA)
and used to generate strains BWAA, BW1P, and BW2P as
described next.
E. coliBWAAwas obtained by knocking out the endA gene
(responsible for non-specific degradation of plasmid DNA)
and the recA gene (involved in homologous recombination)
of the BW27783 strain by P1 transduction (Thomason et al.
2007) using donor strains (JW2912-1 and JW2669-1 from
CGSC) of the Keio collection (Baba et al. 2006). These strains
contain a kanamycin resistance cassette (KanR) flanked by
FLP recognition target sites (FRT sites) that is designed to
replace the target genes in the recipient strain. First, donor
cells were infected by P1 phage and then harvested phage
was used to transfect the recipient BW27783 cells. The kana-
mycin resistance gene was removed via the action of an FLP
recombinase (Datsenko and Wanner 2000). The resulting
BWAA strain was used to drive parental plasmid recombina-
tion via expression of ParA resolvase from the low-copy plas-
mids pMMBparA and pMMBpar2A.
E. coli strains BW1P and BW2P were designed to express
ParA resolvase from a single chromosomal gene copy by
disrupting the endA gene via the insertion of the PBAD/araC-
parA (BW1P) or PBAD/araC-RBS-parA (BW2P) cassettes into
the BW27783 chromosome.
BW1P was constructed using the large genomic insertion
method of Kuhlman and Cox, which is based on double-
stranded DNA breaks and λ-Red recombination (Kuhlman
and Cox 2010). Briefly, the landing pad consisting of tetA
tetracycline resistance gene flanked by the homing endonucle-
ase I-SceI recognition site, small 25-bp landing pad regions,
and complementary regions of the desired endA integration
site (underlined) was introduced into E. coli BW27783 host
strain harboring pTKRED, a plasmid carrying the machinery
required for the downstream steps. Primers LPfwd
(CACGGAGTAAGTGATGTACCGTTATTTGTCTATTGC-
TGCGGTGGTACTGAGCTACGGCCCCAAGGTCCAAA-
CGGTGA) and LPrev (TTAGCTCTTTCGCGCCTGGC
AAGCGCGTTGCACATACGGGTTATGATTGGCTTCA-
GGGATGAGGCGCCATC) were used to amplify the landing
pad by PCR using the pTKS/SC plasmid as a template. The
positive colonies (spectinomycin and tetracycline resistant)
carrying the landing pad inserted in the desired endA chromo-
somal location were transformed with the donor plasmid
pTKIPparA carrying the PBAD/araC-parA cassette flanked
by the same 25-bp landing pad regions and I-SceI recognition
sequences. The incubation of positive colonies for 24 h in a
medium with IPTG and L-arabinose induces the homing en-
donuclease, leading to the cleavage of both the donor plasmid
and the chromosome at the site of the landing pad and the
incorporation of the insertion fragment by λ-Red enzymes.
The BW2P strain was constructed by an adapted λ-Red
recombination method as described by Datsenko and
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Wanner (2000) since the results were not obtained with the
method of Kuhlman and Cox (2010). Briefly, the cassette
containing PBAD/araC-par2A was amplified from template
pTKIPpar2A using the Plat inum PCR SuperMix
(Invitrogen) and 300 nM of each of the primers par2Afwd
(TCGAGGTCGACTGCCCGGC) and AraCSalIrev
(TCCGTCAAGCCGTCGACTGTCTG), both of which con-
tain SalI restriction sites (underlined). The digested and gel-
purified cassette was cloned into the SalI restriction site of
pKD13. The resulting plasmid was then used for amplification
of the full recombination Kan cassette using 300 nM of each
of the primers EndA_cass_for2: (ATCTGGCTGATT
GCATACCAAAACAGCTTTCGCTACGTTGCTGGCTC-
GTTTTAACACGGAGTAAGTGATGGTGTAGGCTGGA-
GCTGCTTC) and EndAPar2Acasrev: (GTTGTACGCGT
GGGGTAGGGGTTAACAAAAAGAATCCCGCTAGTGT-
AGGTTAGCTCTTTCGCGCCTGGCATTAATTCCGGGG-
ATCCGTCG). The homology targeting of the endA in the
genome is underlined. The amplified Kan cassette was used
to transform electrocompetent host BW27783/pKD46,
allowing homologous recombination. The kanamycin resis-
tance gene was removed by a FLP recombinase expressed
from plasmid pCP20 (Datsenko and Wanner 2000). The
recA knockouts of the BW1P and the BW2P strains were then
performed by the P1 transduction method previously
described.
Plasmids pTKS/SC, pTKIP, and pTKRED (Kuhlman and
Cox 2010) were obtained from Dr. Kuhlman in Princeton
University.
Plasmids
Plasmid pVAXmini (5946 bp) was constructed as described
previously (Simcikova et al. 2014). This plasmid contains a
PBAD/araC-parA cassette with the ParA resolvase gene under
a PBAD promoter and the araC repressor gene in the opposite
direction, and two 133-bp-long multimer resolution sites
(MRS) flanking the eukaryotic expression cassette (Fig. 2a).
The parental plasmid backbone pMINI (4701 bp) was obtain-
ed from pVAXmini by deletion of the PBAD/araC-parA region
by SfiI and EcoRV digestion (Fig. 2b). This plasmid was then
used to transform E. coli strains BWAA/pMMBparA,
BWAA/pMMBpar2A, BW1P, and BW2P. Plasmids
pMMBparA (Fig. 2c) and pMMBpar2Awere derived, as de-
scribed below, from the low-copy number plasmid
pMMB206, which was obtained from ATCC (ATCC®
37808™).
Ribosome binding site and surrounding sequence
The RBS online calculator (Salis et al. 2009; Borujeni et al.
2013; https://salislab.net/software/) was used in the forward
engineering mode to design a 27-nucleotide-long 5′-UTR that
would lead to an increase in the translational initiation rate
(TIR) of ParA recombinase expressed from a low-copy num-
ber helper plasmid or from an integrated copy in the chromo-
some. An arbitrary 500–1000-fold increase of TIR was set as
goal, and a 67-nucleotide-long mRNA, which included the 27
nucleotides of the 5′-UTR of parA mRNA and 40 nucleotides
of the coding region, was used as input. The RBS online
calculator was also used in a reverse engineering mode to
predict the TIR of the original and optimized 5′-UTRs plus
the first 20, 30, 40, and 50 nucleotides of the coding region.
The optimized 5′-UTR was synthesized and then intro-
duced upstream of the parA gene by replacing the original
RBS via SOEing PCR as described below. First, two similarly
sized fragments overlapping a 27-bp region (underlined nu-
cleotides) of the new 5′-UTRwere synthetized by convention-
al PCR using pVAXmini as a template DNA and the following
s e t s o f p r i m e r s : S p a r 2 A f w d ( CGAAGCAG
GGATTCTGCAAAC) and Spar2Arev (TGGTCTC
C T C C TA C T C T T C G T T T TA G TAT GG AGAA
ACAG TAGAGAGT TGCGA ) o r S p a r 2 B f w d
(ACTAAAACGAAGAGTAGGAGGAGACCAATGGCG-
A C G C G A G A G C A A C ) a n d S p a r 2 B r e v
(TGATAGCGGTCCGCCACA), respectively, amplifying
Fig. 2 Schematic diagram of plasmid backbones used in this work. a
pVAXmini. b pMINI. c pMMBparA. MRS multimer resolution sites of
the parA resolvase system, CMV cytomegalovirus immediate early
promoter, GFP: green fluorescence protein gene, BGH bovine growth
hormone polyadenylation signal, AraC repressor of arabinose operon,
pBAD promoter of AraBAD, RBS ribosome binding site, ParA
resolvase gene, KanR kanamycin resistance gene, ORI origin of
replication, CamR chloramphenicol resistance gene, oriV IncQ
replication origin, tac IPTG-inducible promoter, LacI repressor of
lactose operon
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fragments of 1283 and 1505 bp. In a second step, the two
amplified fragments were annealed by the overlapping regions
without primers to create a template for an additional PCR
reaction with edge primers Spar2Afwd and Spar2Brev pro-
ducing a 2761-bp amplicon containing the pBAD/araC-par2A
cassette. The arabinose promoter cassettes with the optimized
and the original 5′-UTRs were respectively digested with SalI
and SalI/SmaI and cloned into the low-copy number plasmid
pMMB206 (9311 bp), thus generating plasmids pMMBparA
(PBAD/araC-parA cassette, see Fig. 2c) and pMMBpar2A
(PBAD/araC-par2A cassette) both with 11,254 bp.
Shake flask cultures
Five milliliters of Luria-Bertani (LB) medium supplemented
with appropriate antibiotics (kanamycin, 30 μg/mL; chloram-
phenicol, 34 μg/mL) and 0.5 % (w/v) glucose were inoculated
with a loop of −80 °C frozen E. coli cells harboring the pa-
rental plasmid pMINI and incubated overnight at 30 °C and
250 rpm. Next, an appropriate volume of this seed culture was
used to inoculate 50 mL of LB medium with antibiotic to an
optical density at 600 nm (OD600) of 0.1. Cultures were then
incubated at 37 °C and 250 rpm until reaching stationary
phase. In a typical experiment, the transcription of parA
resolvase was induced by adding 0.01% (w/v) L-(+)-arabinose
directly to the medium after 4 h of growth (early stationary
phase) and recombination was allowed to proceed for 1–2 h.
Specific volumes of culture samples withdrawn at different
time points were centrifuged to obtain pellets with the same
amount of cells that were stored at −20 °C for further analysis.
In order to prepare material for RT-PCR, qPCR, and
Western blot analysis, strains BWAA/pMMBparA,
BWAA/pMMBpar2A, BW1P, and BW2P were grown as de-
scribed above using 100 mL of LB medium. After 5 h of
growth, a specific volume of culture was centrifuged
(6000g, 15 min) and cell pellets were stored at −20 °C until
further analysis.
Bioreactor cultures
A pre-inoculumwas prepared by transferring a loop of −80 °C
frozen E. coli BW2P cells harboring the pMINI parental plas-
mid to 5 mL of complex medium [10 g/L bacto peptone, 10 g/
L yeast extract, 3 g/L (NH4)2SO4, 3.5 g/L K2HPO4, 3.5 g/L
KH2PO4, 200 mg/L thiamine, 2 g/L MgSO4, and 1 mL/L of a
trace element solution (Listner et al. 2006)] supplemented
with 30 μg/mL of kanamycin and 5 g/L glucose. Cells were
grown overnight at 30 °C and 250 rpm. The next day, an
inoculum was prepared by seeding 1 mL of the pre-
inoculum in 100 mL of complex medium supplemented with
2 g/L glycerol. These cells were grown up to early exponential
phase (OD600∼1.1) at 37 °C and 250 rpm. Batch fermentations
were performed in a Fermac 360 Bioreactor (Electrolab) with
a working volume of 1.1 L as described next. First, 1 L of
complex medium was autoclaved in the bioreactor, and trace
element solution, kanamycin (30 mg/L), and 40 g/L glycerol
were added. Then, the bioreactor was inoculated to set the
initial OD600 to 0.1. The dissolved oxygen set point was con-
trolled at 30 % using an agitation cascade (200 to 800 rpm),
and air was provided at a flow rate of 1 vvm. The pH was
controlled at 7.1 using 2 M NaOH and 2 M H2SO4. Antifoam
was manually added as required. Samples were taken period-
ically from the bioreactor to quantify biomass and plasmid
DNA and to determine the parental plasmid recombination
efficiency.
Analysis of plasmid recombination efficiency
by densitometry
Plasmids were isolated with the Qiaprep Spin Miniprep Kit
(Qiagen) according to the manufacturer’s instructions. Total
plasmid DNA (200 or 500 ng) was digested with SacII, a
restriction enzyme that has only one recognition site on the
miniplasmid (MP) region of the parental pMINI plasmid (PP).
Restriction mixtures were loaded onto 1 % agarose gels, and
electrophoresis was carried out at 100 V, for 50min, with TAE
buffer (40 mMTris base, 20mMacetic acid and 1mMEDTA,
pH 8.0). The gels stained with ethidium bromide (1 μg/mL)
were visualized with an Eagle Eye II image acquisition system
from Stratagene (La Jolla, CA, USA). The intensity of the
bands corresponding to linearized parental plasmid (IPP) and
miniplasmid MP (IMP) measured using ImageJ software
(Schneider et al. 2012) was then used to estimate the recom-
bination efficiency (Re) according to the following equation:
Re %ð Þ ¼ rMwIMP
IPP þ rMwIMP  100 ð2Þ
where rMw (≈1.67) is the ratio of the sizes (hence of the mo-
lecular weights) of PP (4701 bp) and MP (2820 bp). This
equation provides an approximate estimate of Re since it as-
sumes that the intensity of the bands is proportional to mass
and disregards the fact that MPs continue to replicate after
recombination (Alves et al. 2016).
Determination of parA gene copy number
The number of copies of the parA gene in cells either in the
chromosome or in the low-copy number plasmids was deter-
mined by performing by a Bhot-start^ SYBR Green I-based
quantitative real-time PCR using the Roche LightCycler as
described before (Carapuça et al. 2007). Primers parAfwd
(CAGTACGGACGAGCAGAATC) and pa rArev
(GGCTGATGCGGTCGATCTTC) were used at 0.5 μM final
concentration, and tests were made with 50,000 or 300,000
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E. coli cells. The 194-bp-long fragment was amplified with
the following program: 10 min, 95 °C, 40× (10 s 95 °C, 5 s
55 °C, 7 s 72 °C). The threshold cycle (Cp) values were cal-
culated by the LightCycler software version 4.1 (Roche
Diagnostics) using the second derivative method. Mean Cp
values and standard deviations were calculated from two in-
dependent assays. An identical methodology was used to
quantify the reference 16S rRNA gene. Samples with 50,000
cells and sense (ACACGGTCCAGAACTCCTACG) and an-
tisense (GCCGGTGCTTCTTCTGCGGGTAACGTCA)
primers were used to amplify a 182-bp fragment.
Quantification of parA mRNA
Total RNAwas extracted from E. coli cells (BWAA, BWAA
harboring pMMBparA or pMMBpar2A, BW1P, and BW2P)
with and without L-arabinose induction using the High Pure
RNA Isolation Kit (Roche), following the manufacturer’s in-
structions. For each RNA sample, 800 ng of total RNA (quan-
tified using a NanoVue Plus spectrophotometer) was reverse
transcribed using the 1st Strand cDNA Synthesis Kit for RT-
PCR (AMV) (Roche), with primers parArev and rrsAfwd
(GACGGGTGAGTAATGTCTGG) separately, following the
manufacturer’s instructions. Each cDNA sample was quanti-
fied by qPCR as described above using the set of primers
parAfwd/parArev or rrsaAfwd/rrsarev (TCTTCATACAC
GCGGCATGG) to amplify fragments of 194 or 308 bp within
the parA or the reference 16S rRNA genes, respectively. Non-
transformed BWAAwas used as a negative control for parA
expression.
Quantification of ParA resolvase
Firstly, BWAA transformed with either the pMMBparA or
pMMBpar2A plasmid, and BW1P and BW2P strains were
grown as described before. Cell pellets (OD600 = 200) were
resuspended in 1 mL of a buffer containing 25mMTris, pH 8;
0.1 mM EDTA; 50 μM benzamidine; 100 μM PMSF; 1 mM
2-mercaptoethanol; 0.02 % brij58; and 1 M NaCl (Eberl et al.
1994) and sonicated at 30 W for 10 min on ice (Bandelin
SONOPULS). The lysates were then clarified by centrifuga-
tion (6000g at 4 °C for 5 min) and pre-purified in Amicon
Ultra-2 mL-50 kDa units followed by permeate concentration
in Amicon Ultra-0.5 mL-10 kDa units (Merck Millipore) in
order to increase the content of the sample in proteins within
the 10–50 kDa range. Total protein concentration was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Protein samples (20 or 30μg of total protein
respectively of samples obtained with parA expressed from
helper plasmids or from the bacterial chromosome) were load-
ed into 15 % SDS-polyacrylamide gels. Proteins were then
transferred to a PVDF membrane with a 0.22-μm pore size
(Bio-Rad) by electroblotting at 200 mA for 1 h, using 25 mM
Tris, 192 mM glycine, and 20 % (v/v) methanol, pH 8.3, as
transfer buffer. The membrane was then blocked with Tris-
buffered saline (TBS) (150 mM NaCl, 10 mM Tris, pH 7.4)
containing 3 % (w/v) BSA for 1 h at 40 °C. After blocking, the
membrane was rinsed in TBS and incubated overnight at 4 °C
with an anti-ParA antiserum diluted 1:100 in TBS containing
0.5 % (w/v) BSA. Following washing with TBS (five changes
during 30min in total), the membrane was incubated for 2 h at
room temperature with secondary antibody (HRP-goat anti-
rabbit IgG (Sigma), diluted 1:20,000 in TBS containing 0.5 %
(w/v) BSA) and washed as described before. For ParA detec-
tion, blots were incubated in TBS containing 0.05 % (w/v) 3,
3′-diaminobenzidine (Bio-Rad) and 0.09 % (v/v) hydrogen
peroxide. Colorimetric reaction was stopped by washing with
tap water, and blots were dried at room temperature. Blot
image acquisition and densitometry analysis were performed
using the Quantity One 1-D Analysis Software from Bio-Rad.
Results
Optimization of the 5′-UTR of ParA resolvase
The 4701 bp parental plasmid backbone pMINI (Fig. 2b) was
used to generate GFP-expressing minicircles (1881 bp) upon
ParA resolvase-mediated in vivo recombination between two
multimer resolution sites (MRS). The system was designed to
set the ParA resolvase expression under the control of the
arabinose-inducible PBAD/araC promoter. The 5′-UTR of the
parA gene was then modified based on the equilibrium statis-
tical thermodynamic model developed by Salis and co-
workers (Salis et al. 2009), in an attempt to increase expres-
sion of ParA resolvase via the tuning of the accuracy and
efficiency with which the translation of mRNA begins. The
RBS online calculator (Salis et al. 2009; Borujeni et al. 2013)
was used first in a reverse engineering mode to predict the
translation initiation rate (TIR) of the 27 nucleotides of the
5′-UTR from the original PBAD/araC-inducible system plus
the first 40 nucleotides of the coding region (Fig. 1b). Then,
the forward engineering mode of the calculator was used to
design a 27-nucleotide (nt)-long 5′-UTRwith a TIR arbitrarily
set to be 500- to 1000-fold higher that the TIR obtained with
the original 5′-UTR. From the multiple solutions generated by
the software, an optimized 5′-UTR was selected with a TIR of
11,214 arbitrary units (AU), which compares with a TIR of
14 AU for the original 5′-UTR (Fig. 1a, b). This points to a
800-fold increase in TIR, which is likely to translate into the
expression of larger amounts of ParA and hence more efficient
minicircle recombination. Among other modifications, it is
worth noticing that the TGGAGT Shine-Dalgarno se-
quence in the original parA mRNA was replaced by the
consensus AGGAGG sequence in the optimized par2A
mRNA (Fig. 1a, b).
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Since the thermodynamic model (Eq. 1) explicitly depends
on the free energy of the mRNA subsequence being analyzed,
ΔGmRNA, the ΔGtotal and TIR calculated by the RBS calculator
algorithm are affected by the size of the mRNA. Therefore, we
considered four different sized mRNAs for the TIR predic-
tions, which include 27 nucleotides from the 5′-UTR plus
the first 20, 30, 40, or 50 nucleotides of the parA mRNA
(Fig. 1b). Data concerning larger mRNAs sizes is not included
in Fig. 1b since the corresponding ΔGtotal and TIR values did
not change significantly from the ones obtained with a 77-nt-
long mRNA subsequence (see Fig. S1). The results show that
TIR values are always higher (i.e., ΔGtotal is always lower)
when the mRNA subsequence contains the optimized 5´-
UTR, no matter the size of the subsequence being analyzed
(Fig. 1b).
The secondary structures of the mRNA subsequences
with the original and optimized 5′-UTRs were further ana-
lyzed using the RBS online calculator. An observation of
the most stable secondary structure obtained for the 77-nt-
long mRNA subsequence with original 5′-UTR shows the
presence of a long stem-loop structure that includes the
Shine-Dalgarno region and is held in place by 21 base
pairs, which could potentially interfere with ribosome
binding and thwart parA expression (Fig. 1c). However,
when the new 5′-UTR is introduced, a looser structure
and less base pairing (13) are observed (Fig. 1c). The
values of the predicted minimum free energy of folding
of the mRNA subsequence, ΔGmRNA, are also consistent
with these observations, indicating an increase from −19.7
to −15.4 kcal/mol when moving from the original to the
optimized 5′-UTR (Fig. 1b, c). Similar conclusions can be
drawn from the analysis of the structures (see Fig. S2) and
ΔGmRNA (Fig. 1b) of mRNA subsequences with 47, 57,
and 67 nt. Overall, the results indicate that the secondary
structures obtained with the new 5′-UTR are less stable
when compared with the original.
The predicted free energy changes associated with the as-
sembly of the 30S ribosomal complex on the parA mRNA,
ΔGtotal, for sub-sequences with 47, 57, 67, and 77 nt vary
between 1.56 and 11.56 kcal/mol (Fig. 1b). These values con-
trast with the predictions of ΔGtotal for the par2A mRNA-
rRNA complex, which varied between −7.04 and
−0.74 kcal/mol.
The fact that ΔGtotal of mRNA subsequences with the
optimized 5′-UTR is lower and negative indicates the pres-
ence of attractive interactions between the ribosome and
mRNA, whereas the larger ΔGtotal obtained with the orig-
inal 5′-UTR (1.56–11.56 kcal/mol) points to a less stable
complex, hence less efficient translation of ParA. This is
reflected in the predicted TIR values, which varied be-
tween 14 and 1236 AU for parA mRNAs and from 3480
and 59,285 AU for par2A mRNAs (Fig. 1b).
Expression of ParA from low-copy number plasmids
PBAD/araC-parA cassettes with original and optimized 5′-
UTRs (Fig. 1) were introduced in the low-copy number plas-
mid pMMB206 (Morales et al. 1991) to generate plasmids
pMMBparA (Fig. 2c) and pMMBpar2A, respectively. These
helper plasmids were then used to drive ParA resolvase ex-
pression and recombination of parental plasmid pMINI
(Fig. 2b) in E. coli BWAA. This strain was derived from
E. coli BW27783—a strain improved for arabinose up-
take—by knocking out the endA and recA genes to minimize
non-specific digestion and recombination of pDNA (Phue
et al. 2008; Gonçalves et al. 2013) and thus assure the main-
tenance of the supercoiled isoform of minicircle molecules
produced. The number of pMMBparA and pMMBpar2A cop-
ies per transformed BWAA cell was determined by qPCR to
be around 14/cell, a number which is consistent with the 12–
13 copies of the pMMB206 reported in the literature (Morales
et al. 1991).
parA par2A      parA par2A
PP
MP
MC
88±6 91±5 95±2 96±3
BI
2 h induction1 h induction
p
a
r
A
p
a
r
2
A
Re %
M     BI   1h    BI  1h
kDa
75
50
37
25
20
15
10
parA par2A
24.2 kDa
22.7 kDa
a b
Fig. 3 Minicircle recombination driven by expression of ParA resolvase
from low-copy number plasmids harboring parAwith original (parA) and
optimized (par2A) 5′-UTRs. Minicircle recombination was induced at the
early stationary phase, after 4 h of cell growth (equivalent to C in Fig. 4).
a Agarose gel electrophoresis analysis of cells collected before (BI) and
after 1 and 2 h of induction. Three independent experiments were
performed in duplicate. The recombination efficiencies (Re) obtained
from low-copy number plasmids pMMBparA and pMMBpar2A were
not statistically different (p > 0.05). PP parental plasmid, MP
miniplasmid, MC minicircle. b Western blot analysis showing
expression of ParA resolvase with original (parA) and optimized
(par2A) 5′-UTRs, before (BI) and after 1 h of induction
6732 Appl Microbiol Biotechnol (2016) 100:6725–6737
A tight control of ParA resolvase expression and recombi-
nation of pMINI was successfully obtained in the
BWAA/pMMBparA and BWAA/pMMBpar2A systems, as
can be seen from an agarose gel electrophoresis analysis
(Fig. 3a). Parental plasmids recombined into the correspond-
ing minicircle and miniplasmid species only upon arabinose
addition, with efficiencies of 88–91 and 95–96 % after 1 and
2 h, respectively. This constitutes an improvement over the
recombination yields of 50 % obtained by Jechlinger et al.
(2004) when expressing ParA under PBAD/araC control from
a low-copy number plasmid. However, the modification intro-
duced in the translational initiation region did not result in a
significant improvement in the recombination efficiency, as
seen in Fig. 3a. This indicates that in these systems, the TIR
obtained with the original 5′-UTR is sufficient to produce
enough ParA resolvase to reach maximum plasmid recombi-
nation. The results of a Western blot performed on samples
obtained before and after induction of parA expression with
arabinose are shown in Fig. 3b. The samples obtained before
induction displayed almost no reactivity with a ParA antise-
rum (Fig. 3b). However, after 1 h of arabinose induction,
bands corresponding to the 24.2 and 22.7 kDa polypeptides
encoded in parA, corresponding to the two start codons (Eberl
et al. 1994), are clearly seen (Fig. 3b). Pairs of bands around
the 15 and 10 kDa regions are also seen that can be attributed
to cleavage of the ParA-22.7 and ParA-24.2 proteins. A com-
parison between the ParA expression levels, based on the
densitometry of the Western blots, showed a 1.7 ± 0.8-fold
(two independent experiments) higher translation driven by
the pMMBpar2A plasmid. The higher density of the ParA-
24.2 band relative to the ParA-22.7 band (Fig. 3b) can be
explained by noting that the par2A mRNA-rRNA complex
i s more s t ab le i f the ATG sta r t codon i s used
(TIR = 3480 AU) instead of the alternative TTG codon
(TIR = 261 AU). For the parA mRNA-rRNA complex, the
difference between the TIR obtained with the ATG codon
(TIR = 55 AU) and the a l te rna t ive TTG codon
(TIR = 323 AU) is less pronounced, and thus the amounts of
the ParA-24.2 and ParA-22.7 are similar (Fig. 3b).
Expression of ParA from the chromosome
Minicircle production systems were set up to drive ParA
resolvase-mediated recombination of parental plasmid
pMINI from a single gene copy of parA stably inserted in
the E. coli chromosome. Namely, the BW1P and BW2P
strains were constructed by the insertion of the cassettes
PBAD/araC-parA and PBAD/araC-par2A, respectively. The
performance of the two strains was examined in a series of
shake flask experiments. Induction was performed by adding
0.01 % (w/v) of L-arabinose at different stages of the late
growth phase (marked as A, B, and C in Fig. 4a), at a time
when large amounts of cells and parental plasmid are
available. The pMINI recombination efficiency obtained after
1 h of arabinose addition varied significantly between the two
strains (Fig. 4b). While the BW2P cells were able to rapidly
express a sufficient amount of ParA resolvase to obtain 100 %
of recombination after 1 h of induction at time point A, only
70 % of parental plasmid recombined into miniplasmid and
minicircle when using strain BW1P under equivalent condi-
tions (Fig. 4b). Recombination efficiencies were also higher
for strain BW2P if arabinose induction was performed later at
time points B and C (Fig. 4b). A substantial decrease in re-
combination was observed when cells were induced at growth
stages closer to the stationary phase (Fig. 4b), with efficiencies
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falling when moving from induction at point A to point C
from 70 to 12 % for strain BW1P and from 100 to 41 % for
strain BW2P (Fig. 4b).
A time course analysis of recombination showed that effi-
ciencies close to 100 % could be obtained by inducing cells
that were entering the stationary phase with both strains (95 %
for BW1P and 98 % for BW2P), as long as the induction
phase was extended to 300 min (Fig. 4c, time point B). Still,
if induction was performed later in the early stationary phase,
complete pMINI recombination was only observed for the
BW2P strain (Fig. 4, time point C). These results show that
the improvements made in the 5′-UTR of the parA gene in
strain BW2P effectively led to a more accurate and efficient
translation of the corresponding mRNA and hence to pMINI
recombination efficiencies close to 100 %. Attempts to detect
ParA byWestern blot analysis were unfruitful, most likely due
to the low levels of expression afforded by the single gene
copy of parA in BW1P and BW2P.
Quantification of parA mRNA
The expression of ParA resolvase in the E. coli strains
BWAA/pMMBparA, BWAA/pMMBpar2A, BW1P, and
BW2P was further investigated by qRT-PCR using the
BWAA strain as a negative control and the 16S rRNA gene
as a reference (Fig. 5). In the absence of L-arabinose induction,
the levels of parA mRNAwere negligible across the different
expression systems (Fig. 5). Upon L-arabinose induction,
however, the levels of parA mRNA increased significantly.
Furthermore, the systems with the original and the optimized
5′-UTRs located in helper plasmids produced a significantly
higher amount of parA mRNAwhen compared to the corre-
sponding system expressing ParA from a single copy in the
bacterial chromosome: mRNA levels were 22-fold higher in
BWAA/pMMBparA relatively to BW1P and 45-fold higher in
BWAA/pMMBpar2A relatively to BW2P. Similar amounts of
the 16S rRNA reference gene were obtained in all samples
analyzed, and no parA mRNA was detected in the control
BWAA strain, validating the data obtained (Fig. 5).
The results also show that (i) the amount of par2A mRNA
in the BWAA/pMMBpar2A strain was 2.5-fold higher than
the amount of parA mRNA in the BWAA/pMMBparA strain
and that (ii) the amount of par2A mRNA in the BW2P strain
was 1.6-fold higher than the amount of parA mRNA in the
BW1P strain (Fig. 5).
Discussion
The expression of ParA resolvase under regulation of PBAD/
araC was chosen as arabinose is an effective inducible system
for ParA and other recombinases in minicircle production
(e.g., Kay et al. 2010; Jechlinger et al. 2004; Mayrhofer
et al. 2005; Kobelt et al. 2013). The performance of minicircle
production in E. coli by ParA resolvase-mediated in vivo re-
combination was optimized by manipulating the 5′-UTR of
the parAmRNA. The starting hypothesis behind this approach
was that the stability of the secondary structure of the RBS and
surrounding sequence of parA could be compromising the
expression of ParA and hence recombination.
In the first part of this work, a 27-nucleotide-long 5′-UTR
potentially enabling a higher translation initiation rate was
designed using the predictive thermodynamic model of Salis
and co-workers (Salis et al. 2009) (Fig. 1). An analysis of
original and optimized mRNA subsequences, which included
the 5′-UTR and the first 20, 30, 40, or 50 nucleotides of the
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parA transcripts, predicted that the change in Gibbs free ener-
gy upon assembly of the 30S ribosome complex with the
mRNA subsequences, ΔGtotal, is lower with the new 5′-
UTR. This indicates a more stable mRNA-rRNA complex
and consequently higher translation initiation rates (Fig. 1b)
(Salis et al. 2009; Borujeni et al. 2013).
The construction of the strains BWAA, BW1P, and BW2P,
with enhanced uptake for the arabinose inducer (Khlebnikov
et al. 2001) and deficiency in endA and recA genes that in-
creases the amount and the quality of pDNA (Phue et al. 2008;
Gonçalves et al. 2013), was essential for a higher minicircle
production. When ParA was expressed from low-copy num-
ber plasmids in the BWAA strain, full recombination of the
model parental plasmid pMINI was obtained within 2 h, but
no effect of the 5′-UTR was detected (Fig. 3). These results
can be explained by assuming that the 14 copies/cell of the
helper plasmids promote the transcription of an amount of
mRNA that is sufficient to drive the expression of the ParA
required for full recombination, even with a non-optimal 5′-
UTR. This efficient recombination was also observed in other
systems using several copies of the gene encoding the
recombinase (Jechlinger et al. 2004; Chen et al. 2005;
Mayrhofer et al. 2005; Kay et al. 2010) but not when driven
by one single copy gene of the recombinase (Darquet et al.
1999; Bigger et al. 2001).
In spite of the good results obtained in terms of recombi-
nation efficiency, systems that rely on helper plasmids are
clearly disadvantageous from the point of view of minicircle
purification due the presence of additional plasmid species in
process streams. This can also be inferred from the efforts
made by researchers in locating the recombinase producing
system either in the bacterial backbone of parental plasmids
(e.g., Chen et al. 2005) or in the bacterial genome (e.g., Kay
et al. 2010), although the main objective in these studies was
the improvement of parental plasmid recombination. As an
alternative minicircle production system, the parA gene was
introduced in the bacterial chromosome of E. coli. In this case,
cells with the optimized 5′-UTR performed clearly better in
terms of recombination when compared to cells with the orig-
inal 5′-UTR (Fig. 4).
A comparison of the two producer systems clearly indi-
cates that recombination of pMINI proceeded faster when
ParA was expressed from helper plasmids (compare Fig. 3
and C growth phase of Fig. 4), a fact that can be ascribed to
the presence of higher levels of ParA. This observation is
consistent with the fact that cells containing the helper plas-
mids have 14-fold more parA gene copies than cells with a
single copy of parA in the genome and that induced cells
produce significantly higher levels of parA mRNA when
parA is expressed from helper plasmids (Fig. 5). A Western
blot analysis failed to detect the presence of ParA when ex-
pression was driven from the chromosome (data not shown),
providing further confirmation that systems relying on helper
plasmids produce larger amounts of ParA (Fig. 3b).
Nevertheless, the amount of resolvase obtained from a single
parA copy inserted into the bacterial chromosome was suffi-
cient to assure 100 % of recombination in a short time period,
if the optimized 5′-UTR and an appropriate induction time
point was chosen (see lane A for BW2P in Fig. 4b).
The increase in the amounts of ParA obtained with the
optimization of the 5′-UTR was initially ascribed to a higher
structural stability of the mRNA-rRNA complex and hence to
a higher rate of translation. However, the fact that larger
amounts of the optimized parA mRNA were observed both
in the one-copy and 14-copy parA systems (Fig. 5) may indi-
cate that the new 5′-UTR mRNA structure is probably (Hsu
et al. 2006; Berg et al. 2009; Goldman et al. 2009) (i) increas-
ing the stability of the complex RNA polymerase-transcript
and thus reducing the amounts of abortive transcripts, (ii) de-
creasing the susceptibility to degradation of the transcript, and
(iii) decreasing the availability to degradation because the
transcript binds longer to rRNA. Thus, the final amount of
the resolvase in the system is a compromise between tran-
scriptional and translational rates.
Preliminary cultivation experiments in 1-L bioreactors in-
dicate that cell densities of OD600∼40, recombination efficien-
cies of ∼80 %, and volumetric titers of 50 mg/L total plasmid
can be obtained with the optimized BW2P strain. Additional
work is currently ongoing in order to optimize this process and
thus take full advantage of the BW2P cells. Another hurdle in
minicircle manufacturing, which is not addressed here, is
linked to the problematic purification of minicircles from
miniplasmids and un-recombined parental plasmids.
Nevertheless, in parallel development, we have shown that
minicircles recombined in BW2P cells can be obtained virtu-
ally free from nucleic acid impurities by resorting to a nicking
endonuclease-assisted purification method (Alves et al. 2016).
In conclusion, this study highlights the importance of en-
gineering the 5′-UTR upstream of the recombinase gene,
which resulted in an optimization of the RBS and surrounding
sequence of ParA resolvase. In contrast to previous studies
(Darquet et al. 1997; Darquet et al. 1999; Kreiss et al. 1998;
Bigger et al. 2001; Kay et al. 2010), insertion of a single copy
of the optimized recombinase producing system in the bacte-
rial genome (E. coli BW2P strain) proved to be efficient to
drive sufficient recombinase expression for complete parental
plasmid recombination.
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